Unsaturated Zone

Hydrology for Saentlsts-

and Eng#’lyneers

James A. Tindall, ph.D.
United States Geological Survey, N ational Research Program, .

Unsaturated Zone Field Studies; -
Department of Environmental Smence Un1ver51ty of Colorado at Denver

JamesR Kunkel PhD PE

Knight Piésold, LLC, Denver, CoIorado
Department of Geology and Geologlcal Engineering, Colorado School of Mines

with
Dean E. Andersor

United States Geological Survey,
Unsaturated Zone Fleld Studle

ational Research Program,

PRENTICE HALL
Upper Saddle River, New Jersey 07458




Library of Congress Cataloging-in-Publication Data
Tindall, James A. '

Unsaturated zone hydrology for scientists and engineers./ ._Iarht_es A

Tindall, James R. Kunkel with Dean E. Anderson.

p cm. - :
Includes bibliographical referenceg:and index.

ISBN 0-13-660713-6 (casebotifid)

1. Groundwaterflows 2¢ Zone of aeration.. :
4. Soil mechanics. -I. Kunkel, JamesR. IL Anderson, Dea
TIL Title. ' ' .
GB1197.7.T56 1999

© 551.49—dc21 |

" Executive Editor: Robert A. McConnin
Manufacturing Manager: Trudy Pisciotti
Art Director: Jayne Conte

Cover lllustrator: Johin M. Evans )
Cover Designer: Bruce Kenselaar :
Editorial Assistant: Grace Anspake

Production Sup_ervis‘iOnJComposition: Interactive Composition p:pbration

© 1999 by Prentice-Hall, Inc. .
Simon & Schuster/A Viacom Company
Upper Saddle River, New Jersey 07458

- All rights reserved. No part of this book may be reproduced,
in any form or by any means, S :
without permission in-writing from the publisher.

The mention of a specific product, device, or vendor does not
constitute endorserent by the authors, the United States
Geological Survey, or Knight Piésold. i

Printed in the United States of‘At'ner-ica
10 0876543721
ISBN 0-13-bb0713-k

Prentice-Hall Infernational (UK) Limited, London -
Prenfice-Hall of Australia Pty. Limited, Sydney

" Prentice-Hall Canada Inc., Toronto '
Prentice-Hall Hispanoamericana, S.A., Mexico
Prentice-Hall of India Private Limited, New Delhi

_ Prentice-Hall of Japan, Inc., Tokyo
Simon & Schuster Asia Pte. Ltd., Singapore
Editora Prentice-Hall do Brasil, Ltda., Rio de Janeiro

3. Soil chemistry.:




Co‘ntehis--:_

Preface xiii

. 1 INTRODUCTION ANI’)ABRIEF HISTORY 1

Introduction 1 ‘ :
1.1 A Brlef Hlstory of Unsaturated Zone Hydrology 2

2 PHYSICAL PROPERTIE' .AND CHARACTERISTICS OF. SOILS 7

Introductlo
2.1

2.2 Soil Profiles
2.3 Soil Texture
24
2.5
2.6
2.7

Por051ty 26 o
‘Bulk Den51ty 30
Water Content 30
Air-Filled Por031ty 32
2.8 Specnflc Surface Area 33

‘Summary 36 o




Contents

3 BEHAVIOR OF CLAY-WATER SYSTEMS 39

Introductlon 39
3.1  Electrochemical Properties of Clay—Water Systems 40

Units 40

Coulomb s Law 41

Heat of Wettmg 42 :

Interactmn between Uncharged Soﬂ Part1cles and Water 43

3.2 Electrochemlcal Phenomena of Clays 46
" Surface Charge of Clay Minerals 46. ‘
Dxffuse Electrlcal Double Layer Theo
3.3 Electroklnetlc Phenomena 50 -

Electrophoresm 50
_-Electroosmosis 51
Streammg Potential - 54

34 The DLVO Theory of Colloid Stabmty 54

: 'Interactlve Repulsive Forces between Platelets 55 _
Potential ‘Energy Due to Constant Potential versus Constant Charge 56

“*Van der Waals-London Forces 58
" Potential Energy Due to van der Waals—-London Forces 59

. Total Potential Energy 60
- Non-DLVO Forces 62 :
- Limitations of the DIVO Theory 62
3.5. lon Exchangé -63

Cation Exchange Capacity 63
Sodium Adsorption Ratio 64 -

3.6- Hydration and Shrinking of Clays 65

Hydration 65
Shnnklng 70

3.7 .Flocculatlon and Dlsper5|on of Clays 7'0
“Flocculation 70 '
v_D_lspersmn_ 72
3.8 H:ubmu,s'in Soil 73
. Humic and Fulvic Acids 73 -
Sorptlon of Contaminants 76

3.9 Aggregatlon 79

3.10 Aggregate Formation and Characterlzat|on 81

~ . Biological. 81

" Chemical 82
o . Physical 83
3.1 lseil_Crusting 84
3.12 Soil Cracking 88

Summary 90




4 POTENTIAL AND THERMODYNAMICS OF SOIL WATER 95

; Introduction 95 _
4.1 The Structure of Water 95
42  Air-Water Interface: Contact Angle 97
4.3° Capillarity - 98 -
4.4 - Capillary Potential 102
45 Components of Soil Water Potential 103
~ * Gravitational Potential (i) 104 '
Osmotic Potential (y,) 105
. Vapor Potential (y,) 107
. Matric Potential (y,,) 109
.Hydrostatlc Pressure Potential (b,) 110
" Overburden Pressure Potent1a1(1[fb) 110 -
" Intergranular Pressure (o,) 111

4.6 - Chemlcal Potentlal of Soil Water 113
4.7 Hysteresis- 117 '
Ink Bottle Effect 118
- Contact Angle 120
Entrapped Air 120
Shrinking and Swelling 120
Summary 121.

J

‘5 CHEMICAL PROPERTIES AND PRINCIPLES OF SOIL WATER 126

lntroductlon 126 .
5.1 Orgamc Compounds and Constltuents '126

~ ‘Transport ¢ of Orgamc Constituents in the Unsaturated Zone 127
* Coupled: Processes 128

5.2 f'Mass Actlon _and Governing Equations 129
5.3 - Activity Coefficients 131
- StandarcI.Meth_ods 131
Infinite-Dilution Activity Coefficients 133" -
5.4 Equilibrium and Free Energy 134 '
55 Electronedti'-ality 136
5.6 Acid Dissociation 137
" 5.7  Hydrolysis 139
5.8  lon Complexes and Dissolved Species. 140
5.9 Diffusion 142 o
5.10 Solubility 143
5.11 Chemical Saturation 145
5.12 Oxidation and Redox Reactions 145
5.13 Microbial M'evdiation and pH 147
~ Summary - 148 ‘

Contents

v




vi

Contents

6 PRINCIPLES OF WATER FLOW IN'SOIL 152 * ~ "

6.1
6.2
6.3
6.4

7 SATURATED WATER FLOW IN SQIL 165

7.1
7.2
7.3
7.4
7.5
7.6
7.7
7.8

7.9

7.10

8.1
8.2
8.3
8.4
8.5

~ Hydraulic Conductivity and Permea‘b _ty‘ 166.

Introduction 152

Bernoulli's Equation 153

Torricelli’s Law 155

Poiseuille’s Law - 158 :

Flow Characteristics: Laminar and Turbulent Flow 159

Summary 161 -

Introduction 165
Darcy's Law 165

Hydraulic Conductlwty Values of. Representatlve Soils 168
Factors Affecting Permeability and Hydrauhc Conductlwty 169
Limits of Darcy's Law 170 - :
Darcy's Law and.Water Flow througrl SO|I Columns 171
Homogeneity, Heterogeneity, lsotropy, and Anisotropy of Soils 172

_.Saturat_ed Flow in Layered Media _173 .

Laplace’s Equatidn 175
Diffusion Equation 178
Summary 179.. -

8 UNSATURATED WATER FLOW IN SOIL 183 S

Introduction 183
Validity of Darcy's Law for Unsaturated Condltlons 185
Factors Affecting Unsaturated Hydraullc ConductMty 185

- Development of Unsaturated FIow Equatlons 189

Hydraulic lefuswlty 192 S
Boltzmann s Transformatlon 195 ‘ _:"[

-Summary 197

9 TRANSPORT OF HEAT AND GAS IN SOIL AND AT THE SURFACE 200

9.1

9.2

" Introduction 200

BaS|c Concepts and Definitions 201

Energy Transfer and Heat Content:, 201
. Evaporation and Condensation 202 '
" Quantifying Water Content in Air 204

Energy Exchanges at the Surface ,2.1.05




9.3

9.4
9.5

9.8
9.9

9.10

9.11

10.1
10.2
10.3

10.4
10.5°
10.6

9.6
9.7

Contents  vii

Radieti'on Balance 212
- Energy Balance 215

_ Soil-Heat Transfer 221

Heat Capamty, Conductivity, and lefuswrty 221
Soil-Heat Flux 223 :
Temperature Distribution in Soil 226

Soil Moisture Evaporation and the Stages of Soil Drymg 230

. Evapotranspiration and the lm‘luence of. Vegetatlon on Soil Moisture 234 .

Plant Physrology 234
Model Estimates of Evapotranspiration 238

Measuring Energy Budget Terms 240 -
Soil-gas Transport 245

General Properties of Gases = 245

Porosity and Permeability 246 ;

Physical Mechanisms Responsible for Soﬂ -gas Transport 247
Mathematical Description of Gas Transport 250 -

Coupled Transport of Heat, Water, and Water Vapor 258
Multiphase Transport of Volatile Compounds in Soil 260
Composition of Soil-air 262 :
Measuring Soil-Gas Flux 267 -

Soil-atmosphere Exchanges 267
Gas Flux within Soil 269

Summary 269

10 CONTAMINANT TRANSPORT 273

lntroductlon 273

) Physical Processes and Movement of Solutes 273 '

Types of Flurd Flow 275
Breakthrough Curves Piston Flow and Hydrodynamlc Dlspersron 276

Piston Flow 271

~ Hydrodynamic Dispersion 277

- Mechanical Dispersion 278
Molecular Diffusion 279 - .
Relation of a Breakthrough Curve to the’ Solut1on of the ADE 280 _
A General Solution for the Dispersion of a Dlsplacmg Solute Front 280
Determrmng the Error Function 282 - .
Calculating the Displacing Front of a Breakthrough Curve 283
Calculating the Concentration in a Moving. Slug of Fluid for a

Breakthrough Curve 284

Calculat1on of the Dispersion Coefficient (D) 285

Nonreactive Solutes 288

~.Sorption Reactions 289
Equilibrium Chromatography - 292




\)iii_ . Contents

'10.7  Mathematical Modeling of Transport Phénomena in Soils 294
10.8 Further Solutions to the ADE: Initial and :Boundary Condltlons 295
10.9  Numerical Solutions of Equilibrium Exchange 299
10.10  Nonequilibrium Conditions 301

- 10:11 . Combined Effects of lon Exchange and Dlspersmn 305

10.12  Mobile and Immobile Regions in Soils:*'305

Aggregated Soils 306
Fractured Media 309
: Layered Media 310 g
10.13 Preferential Flow Paths, Macropores, and Flngerlng 312
Modeling Chemical Transport Under’ Condmons of Preferential Flow 315
Problems Encountered in Modeling Preferentlal Flow 316
10.14 Colloidal-Facilitated Transport 318
a Colloid Migration 318
A Conceptual Model for Colloid Transport 322
' 10.15 Sources of Contamination 325
' Mumclpal Sewage-Sludge Disposal and Wastewater Irrigation 325
Radioactive Waste D_1sposa1 328 :

Landfills 331 :
" Other Sources of Contamination 331

10.16 Case Study: Radionuclide Distribution and Mlgratlon
Mechanisms at Maxey Flats 332

Summary 338

1 EFFECTS OF INFILTRATION AND DRAINAGE ON SOIL-WATER REDISTRIBUTION 346

‘ Introductlon 346
1.1 Profile- Moisture Dlstrlbutlon 347
' Soil Characteristics 349
- Liquid Properties 350
Rainfall or Other Liquid-Arrival Factors 350
‘ Other Soil-Surface Factors 352 '
- 11.2  Infiltration Theories 352
' Green-Ampt Approach 353 o
Horton and Kostiakov Equations 356
Holtan Model 358 :
Philip Model 360
Morel-Seytoux and Khanji Model 361
Smith~Parlange Model 361 SRR ’
Comparison of the Various Physwally Based Infiltration Models 362

11.3 ‘Effects of Macroporosity 362
11.4 Layered Soils 363
11.5  Crusted Soils 365
11.6 . Runoff 367 '




11.7_ RedistribUtion and Internal Drainage 369
'Water Redistribution 369
Internal Drainage * 370
11.8  Field Measurements 371 ;
" Areal Measurements or Data Analysis 372 .-
Point Measurements 373 :

Summary.“v 5'3~7'5 _

12 FlELD WATER IN SOILS 379

lntroductlon 379
12.1 Fleld Water Balance 379

Pre01p1tat1on Air Temperature and Solar Rad1atron 380 '

Runoff ' 383

'Evaporatron/Transplratron 389 -

Change in Surface Storage 399

Charige in Soil-Moisture Storage 399
12.2  Field Radiat’ion and Energy Balance 401

Radiation Balance 401
Energy Balance 402

l2.3 Water- and Energy Balance Methodology 403
Summary 404 '

13 APPLIED SOIL PHYSICS' MODELING WATER, SOLUTE AND VAPOR MOVEMENT 407

Introductlo‘ ':‘._‘-Modellng Approaches 407

Analytical Models 407
Numerrcal Models 408

13.1  One-Dimens onal Deterministic quutd Flow. Models 409

Analytical Models 409 ST
Numerlcal Models 427 = S

Contents

13.2  Three- Dlmensmnal Determmlstlc quu1d and Vapor-FIow Models 429

: Analytrcal Models 429

13.3  Three- DlmenSIonaI Deterministic Immiscible qumd -Flow Model

Analyt1ca1 Model 448
Numerrcal Models 459

13.4  Use of Tracers in Unsaturated Soil Studies 460

Theory of Unsaturated Liquid Movement Usmg Tracers 460

Env1ronmental Tracers 462
Applied T_racers 464 S
Tracer Flux Through the Root Zone 465

448

ix

I




il x Contents

13.5° Stochastlc and Transfer Functlon Models 470.

-Analytical Model 470
. Numerical Models 474

‘Summary 474

14 DRAINAGE lN SOIL WATER AND GROUND WATER 476

introduction ~ 476 o
14.1 ’Problems Associated with Dralnage 476
14.2 Typlcal Drainage Situations Under Fleld Condmons 478 ’
S ] Flow in an Unconfined Aquifer
- Flow toward a Well 479
- Flow between Parallel Ditches 48|
~Flow with Uniform Recharge 481 ..
_  Evaluation of Falling Water Tables:"
- ‘ 14.3 . ,Ground Water Drainage 483
: S o - ‘Water Tables and the Caplllary ange .483
' ' ) Equlpotentlal Lines, Streamlines, and Potentlal Flow 484 S
g Construction of Flow Nets 485.
14.4 Dralnage Design 488 L
- Elements of Drainage Design - 488
Development of Drainage-Design ( Criteria 488
Drainage Coefficients 489 '
- ‘Theoretical Analysis 489 -
145  Case Study: The Florida Everglades 491

, Summary 493 -

15 SOIL REMEbIATION TECHNIQUES >4_94

Introductlon 494 S
15.1  Sail Correctwe—Actlon Crlterla 494

Background 494 :
General Principles of Apphcatlon 495
. - Fate and Transport Models for Evaluatmg Migration to Ground Water 496

15.2 Alternatlve Technologles for Soil Remedla’uon 510

, No Action 510
~ Capping 511
Soil Venting 513
Air Sparging 515
. Soil Flushing 517
Biological Treatment 518 '
Soil Excavation 518
Soil Washing 519 e
'On-Site Thermal Treatment 520 . . *
" In-Situ Vitrification 521

| Summary 521




P A T

Contents xi

16 SPATIAL VARIABILITY, SCALING, AND FRACTALS 524
Introduction 524
16.1  Frequency Distributions of Soils 524
Geostatistics 529
Semivafibgram_ 530
Kriging ..530
v Power-law Distributions 531

16.2  Scaling as a Tool for Data Analysis of Phys;cal Properties: 534

16.3 The Fractal Dimension 539
Triadic Von Koch Curves 540
Self-Similarity and Scaling 540

v Box Dimension 541

164  Fractal Constructlon 543

" Fractal Dunensmn 0<D< 1 543 .
Fractal Dlmensmn 1<D<2 543
Fractal D1mens1on 2<D <3 545

16.5  Self Slmllar Fractals: Estlmatmg the: Fractal Dlmensuon 545

Grid Dimension 546 -
Point Dimension 546
Ruler (Divider) Dimension 547
Perimeter—Area Dimension 547

© 166 Self—Af—flne Fractals 548
Hurst’s Emp1ncal Law (Exponent H) 548
Brownian Motion and Random Walks in One Dimension 549
Scaling Propert1es of Random Walks in One Dimension 550
Fractional Brownian Motion: Mathematlcal Models 551
Global Dlmensmn of Self-Affine Fractals 551
Measurement of Self-Affine Fractals 552

167  Viscous Fmgermg and Diffusion- lelted Aggregatlon 554 .

Diffusion:Limited Aggregation (DLA) 555
Fractal D1ffus1on Fronts 556 - U
- Viscous El,ngermg in Soil 556

Summary "1i?l559

Appendlx 1 SITE CHARACTERIZATION AND MONITORING DEVICES 561

Introductlon 561
" Site Charactenza’uon 561

' Monltorlng Devxces 563

Factors Inﬂuencmg Choice of Devices 563

Water Content Measuring Devices 565 .
“Matric Potential Measuring Devices 567

Soil Solution Sampling Devices 569 =

Pressure Measurement Devices: Differential Pressure Transducers 570




xii Contents

‘Appendix 2 MATHEMATICS REVIEW 571
'« . Introduction 571
' Algebra 571
Some Basic Definitions 572
Trigonometric Relations . ‘574

~Trigonometric Functions 574
" Law of Cosines 575
Law of Sines 575

Geometric Relations 575
Powers and Roots 576
Logarithms 577
- Calcutus 577
Di"ff’erential'and Integral Calculus ° 577
" Vector Calculus. 580
Differential Equations 581
Vectors 582
~ The Ta_st_e Function = 583

Append|x3 TABLES 586

Complementary Error Function (erfc) 586
. Serles Expansions 586 ’ :

Exponentlal Integral 586
Error Function 587
- Conversion Factors 587

Physmal Constants 590

Useful Conversion Factors 590

 Statistics on Water 591 :

-Converting X number of ppm, to dens1ty (gm 3) units 591
Converting water in chemical potential units [J kg’l] to pressure

potential units [Pa] 591 :
~ Converting X number of pCi (plco Cunes) ofa radioactive gas to
its concentration in parts per mllhon (ppm,) units” 591 -

“The International System of Units (Sl) 592

SI Units for Use in Unsaturated Zone Hydrology 595
.Units for Water Flow Applied to Darcy sLaw 595

List of Symbols 596
'Rﬁeferences 606

index 621 °




Preface -

Unsaturated zone hydrology has become a vital part of the envrronmental sciences and of

B _ engineering, especially in rélation to the characterization, modeling, cleanup, and momtormg

of residual solid and 11qu1d storage and disposal. Current and future trends in the environ-
mental sciences and engineering (including multidisciplinary investigations, increasing tech-

nological capabilities, more restrictive regulations, and increased hazards to the environment -

imposed by a growing population), and the viability of employment as scientists, technicians,

-consultants, environmental engineers, regulators, and so omn, in the area of unsaturated zone

hydrology, requires a more thorough working knowledge for this field of science. Some uni-
versities teach related material in courses on soil physics and agricultural engineering. These
courses, however, often do not encompass many environmental fields, and do not always in-
clude chemical properties of soils, modeling, momtormg, and contaminant transport All of
these topics, as well as the traditional soil physics topics, are extremely important in the en-
vironmental sciences, engmeermg consulting, and regulatory oversight.

During the past seven years, at both the University of Colorado and Colorado School

of Mines, we have taught many students from a wide variety of backgrounds and skill levels -
. in our unsaturated zone hydrology classes. Typical prerequisite classes have not prepared

them well for 1nvest1gat1ng phenomena in the unsaturated zone. Because a knowledge of the

unsaturated zone is multidisciplinary, we have been urged by our students to write a book of

this nature—beginning with basic physical properties and the behavior of clays, and continu-

ing to include contaminant transport and other parameters such as ‘spatial Varrabrhty, scahng,

and fractals in the earth sciences.

“This text was written in response to our students -concerns. It is de31gned for upper—
level undergraduate and beginning graduate students in the fields of environmental science,
geology, hydrology, engineering, soil science, soil mechanics, soil physics, and agricultural en-

- gineering. While it is possible to cover most of this text in a single semester, some sections are

quite lengthy—and perhaps more detailed than necessary. Instructor discretion is requlred in

“shaping a meaningful unsaturated zone course, to meet specific objectrves ‘However, the
more lengthy and advanced sections can be used as a reference. We have used this book in .

both basic. unsaturated zone hydrology courses at a more applied level, and advanced

courses. The primary objective of the basic course is to teach the major processes that occur

in the unsaturated zone, and to prepare students to design and install instruments (such as
thermocouples, lysimeters, dataloggers, and so on) in order to collect and analyze data under
unsaturated zone conditions. In addition to developing greater expertise in devising an

: unsaturated zone study, the advanced course focuses on modelmg the collective data on a
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'computer and makmg pred1ct1ons through momtormg and other nsk assessment techmques o
concerning times of transport of a contaminant to.ground water and potential hazards to the =
“environment. For either course, the studént should have a good mathematics background

(including at least two semesters of calculus and, preferably, partlal differential equations).
In addition to mathematics, a study of the unsaturated zone requires an understanding of

many disciplines; thus, it is helpful if the student has studied geologyz’hydrology/hydrogeol- =
. ogy, ground water, soil science, physrcs and chemlstry at the college freshman or sophomore

level.
Chapter 1 defines the unsaturated (vadose

water systems ’
Chapters 4 and 5 define the energy, thermodynamlc and chermcal states and propertres

of soil-water-systems. These chapters define the structure of water, the theory of potentral as’ - -
applied to the:soil- water system hystere31s and organic and i morgamc reactlons in the soil- - -l

water system. -
‘Chapters 6 through 8 present the prrnc1p1es of water ﬂow in soﬂ water ﬂow in saturated

" soils, and water flow in unsaturated soils, respectwely, from a theoretical perspectrve Chap- _
ter 9 (written by Dean Anderson) presents the theory of gaseous transport in soil systems. : * ..

Chapters 10 through 15 use the definitions; concepts, and theories from the previous
nine chapters to investigate applied modeling of fiiid movement and contaminant transport.
Modeling concentrates on analytical solutions that are seldom presented in advanced texts,
because we believe that analytical solutions are generally more available to the prospective
student, and also more easily understood. However, a list of numerical unsaturated zone
models is presented, along with references related to each. Chapter 16 is a unique explo-
ration of fractals in soil physical propertles and presents a detailed discussion of soil spatial
variabilitiy and water movement using fractals. " -

The text has been written primarily with the student in mmd Throughout the chapters,
questions are given at the end of sections when we felt they wereneeded. These questions are
answered completely at the end of each chapter. We did this for two reasons: completing

“work at the end of each section reinforces the material learned; and seeing the answer to the

question increases the students’ ‘confidence in their ability to perform the work. Some in-
structors may feel that we are pampering the students with the complete answer, however; to

. offset this, and for the instructors’ benefit, additional questlons are asked at the end of each
~ chapter. Answers to these questions will be found only in an instructor’s solutions manual -

available from the publisher. In certain chapters; sufficient worked examples are given so

~that the student should not need direct questions with their respective answers.

There are-many references that could have.been used for the various pnncrples pre-

sented in the text. We have made no attempt to. indicate the first or primary author.of a -
particular subject, nor to give the subject a complete citation. In some instances, where there .

has been little significant change in a specific area, we have chosen original references. that
date back many years; but we have also chosen those references that we believe will be of

most value to the student, will represent the rnost unportant pomt of v1ew or will be most.
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